Abstract-The Stratospheric WAter vapor RAdiometer (SWARA) is a microwave radiometer designed for ground-based measurements of water vapor (H 2 O) in the middle atmosphere (20 to 80 km), including the stratosphere and mesosphere. The instrument is operating in a noncryogenic balancing calibration mode. Since its deployment, features have been observed in the spectrum which can be attributed to resonant variations of the antenna pattern of the corrugated horn. This paper presents copolar and crosspolar antenna pattern measurements of two sister antennas of the SWARA horn, as well as water vapor measurements from both antennas on the ground-based microwave radiometer MIddle Atmospheric WAter vapor RAdiometer. We show that small irregularities in the frequency spectrum at the −20-dB level are visible in the copolar pattern, which, due to the balancing operation scheme used for the radiometer, lead to features in the spectrum that have the same or even higher brightness temperature as the line of interest.
Its concept is based on the MIddle Atmospheric WAter vapor RAdiometer (MIAWARA) operational in Bern since 2002 [1] . Both instruments measure the 22.235-GHz 6 16 −5 23 rotational transition of H 2 O. Due to pressure broadening, a water vapor profile can be deduced from the measured spectra in the altitude range of 25-75 km. For the detection of this weak middle atmospheric H 2 O emission line ( ∼ = 0.1 K), a balancing operation is performed to reduce the sensitivity of the signal to gain variations and gain nonlinearities. However, SWARA has been exhibiting baseline features in the balanced spectrum. Baseline features in a radiometer are normally caused by standing waves in the optics of the system, but the measurements showed that in this case the irregular structure can be attributed to the corrugated horn antenna, having a slightly different antenna pattern at different frequencies.
An option for replacing the SWARA antenna was provided by the science and engineering research institute Forschungszentrum Karlsruhe (FZK), in the form of a corrugated horn antenna identical to that of SWARA. The MIAWARA, SWARA, and FZK antennas were fabricated by the Onsala Space Observatory, Sweden.
The pattern of the antenna provided by FZK was measured at the Institute of Applied Physics, University of Bern. For comparison, the pattern of the MIAWARA antenna, which does not exhibit any problems, was measured with the same setup. In addition, to investigate whether the spectrum of MIAWARA could be reproduced if the FZK antenna were used instead of the original antenna, water vapor measurements were made with the FZK antenna on MIAWARA.
In the following section, the instrument characteristics and the calibration concept of both radiometers will be described. Subsequently, the setup for the antenna pattern measurements of the FZK and MIAWARA horn will briefly be described and the results discussed. Finally, a solution to circumvent the antenna problem, which was tested with the FZK antenna and as is now operational for SWARA, will be outlined.
With this paper, we would like to stress the importance of antenna pattern measurements over the entire frequency range of interest, particularly when a balancing operation mode is used.
II. TECHNICAL DESCRIPTION

A. Instrument
Both SWARA and MIAWARA are heterodyne microwave receivers operating in the frequency range of 22.235 GHz ± 500 MHz. The atmospheric signal is directed toward a corrugated horn antenna by a plane mirror. This incoming radio-frequency signal is amplified by a high-electron mobility transistor amplifier, image sideband suppressed, and amplified again. Subsequently, the signal is downconverted to an intermediate frequency (IF) of 1.5 GHz in two steps. The detector is a digital fast Fourier transform spectrometer for the broadband spectral analysis of the IF signal, with a resolution of 61 kHz and a bandwidth of 1 GHz [2] . The corrugated horn antennas FZK, SWARA, and MIAWARA have the same design, with a length of about 90 cm and a diameter at the aperture of 20 cm. The horns have a flare angle of 6.72
• , a corrugation depth of 3.57 mm, and a corrugation period of 4 mm. The nominal half power beam width at their center frequency of 22.235 GHz is 6
• . The horns consist of six sections held together by screws, as shown in Fig. 1 . The three horns have different transitions from the circular waveguide to the WR-42 rectangular waveguide of the receiver. For the MIAWARA horn, a transition from Flann Microwave, Ltd. is used. The SWARA and FZK antenna have simpler "home-made" transitions machined out of brass, i.e., a conical bore intersecting a rectangular waveguide.
B. Calibration
For calibration of the system, the sky at 60
• elevation angle is used as a cold calibration target and a microwave absorber at ambient temperature as a hot calibration load. The temperature of the sky is determined by means of a tipping curve. The plane mirror switches between these loads for every subsequent measurement of the atmospheric signal (see [1] for details). In addition, a Dicke switching technique is performed. Gain nonlinearities and small variations in gain can lead to large errors in the spectrum, since the middle atmospheric H 2 O emission line has a brightness temperature of only 0.1 K over a system temperature between 150 and 200 K (mostly tropospheric contribution and receiver noise temperature). To overcome this effect, a line measurement of the sky is made at low elevation (at an elevation angle θ of around 30
• ) and at a reference position (at around zenith, θ = 90
• ), and a difference spectrum is calculated. Due to the longer path length in the atmosphere at the low-elevation angle, additional noise has to be added to the reference signal to balance the two signals. This is accomplished by the use of a thin bar covered with absorbing material (adding ambient temperature noise to the signal) mounted in the zenith direction, horizontally and parallel to the rotational axis of the plane mirror. The elevation angle of the reference position can be adjusted so that more or less noise can be added to account for variations in the tropospheric opacity due to different amounts of water vapor. For an antenna exhibiting an inhomogeneous antenna pattern over frequency, the amount of power received accordingly varies with frequency since the reference bar is only partly covering the antenna beam. The severity of this effect is shown in Fig. 2 , which shows the difference spectra ΔT b of line minus reference For MIAWARA, a bandwidth of 300 MHz [± 150 MHz around the center frequency] is used in the retrieval process. For SWARA, due to the feature at 22.3 GHz, a bandwidth of only 136 MHz was used to date (not symmetric around the line center), so that water vapor profiles can only be retrieved to an altitude of ∼32 km compared to ∼25 km for MIAWARA.
III. ANTENNA PATTERN MEASUREMENTS FZK AND MIAWARA HORN
A. Setup
We measured the copolar and crosspolar antenna pattern of the MIAWARA and FZK horns by placing the horn on a turntable positioned in front of a transmitting rectangular flared horn antenna. The transmitting and receiving antennas were 4 m apart, sufficient to give a qualitative image of the antenna pattern. For the measurements, the test antenna was rotated in the azimuthal plane, with an angular range of ±45
• . To reduce reflections, absorbing material was placed throughout the laboratory. The reflections in the room are low enough to allow accurate measurements of sidelobes at the −50-dB level.
The measurements were made with a vector network analyzer HP8510C. At each angular position, a frequency sweep was performed from 21 to 25 GHz with a resolution of 0.01 GHz. The received signal was preamplified to increase the dynamic range of the measurement.
B. Results
The results of the antenna pattern measurements are shown in Fig. 3 . It shows the normalized power pattern at 22.23 GHz (averaged over ±0.05 GHz) for the copolar E-and H-plane, the crosspolar E-and H-plane, and the crosspolar 45
• and 135
•
plane. The crosspolar level lies at about −30 dB for the FZK antenna and a bit lower for the MIAWARA antenna. Ideally, for a fully symmetric horn, the crosspolar patterns for the Eand H-field should be zero [3] . The E and H copolar pattern, for the FZK antenna, start deviating from each other around the −20-dB level. For MIAWARA, the deviation between E-and H-copolar plane is < 2.5 dB down to −37 dB. A clearly visible picture of the differences in the copolar patterns over frequency is shown in Fig. 4 , showing a contour plot of the −3-, −10-, −20-, −30-, and −40-dB levels over the frequency range of interest for the radiometers (22.235 ±0.5 GHz). Starting from the −20-dB level, for the FZK antenna, the H-plane pattern shows irregularities at 22 GHz and between 22.2 and 22.3 GHz (regions indicated by vertical lines). These features can be explained by symmetric and antisymmetric higher order modes which are resonantly excited. For a system temperature of > 150 K at the reference position, irregularities even at a power level of 1/100th (−20 dB) and lower lead to features in the spectrum comparable to or even larger than the emission line of interest, as shown from the measurements in Fig. 2 .
To investigate whether the circular to rectangular transition might be a source for resonances, the transition was placed on a newly developed more compact choked Gaussian horn antenna and tested. This showed no irregularities, and the transition was excluded as a possible source for the variable antenna pattern over frequency. This led to a deeper investigation of the different sections of the horn and their interfaces. Loosening the joint between Sections III and IV (Fig. 1) had a drastic effect on the resonances of the antenna pattern. It showed that the holes of the screws for clamping Sections 2 and 3 together are intersecting with the last corrugation of this interface. The rim of these screw holes has a small overlap with the antenna cross section. We suspect that this provides space for the development of resonances, which give rise to higher order modes.
IV. SOLUTION
The changing antenna pattern over frequency, in combination with the reference bar covered with absorber, is the source of the features in the balanced spectra. The bar only partly covers the antenna beam; therefore, at certain frequencies, more signal is received than at others. A solution was thought of by covering the whole antenna beam with a sheet of dielectric material at the reference position, which acts as a gray body and will add noise to the reference signal instead of the bar [4] . When the antenna beam is completely covered, the same amount of noise will be added at all frequencies, despite asymmetries and differences in the antenna pattern over frequency. As a dielectric, • covered by a 5-mm-thick sheet of Delrin, which reflects the atmospheric signal at zenith into the antenna as the reference signal. Results of the difference spectrum for SWARA are shown in Fig. 5 . The slope of the spectrum is due to interferences in the Delrin sheet that lead to a frequency dependent transmission. However, this can be corrected for in the data analysis. For both the FZK and SWARA horn, the difference spectrum is now free of features, as compared to Fig. 2 . Despite these excellent results, this setup is not the most optimal solution. Seasonal variations in tropospheric opacity present the need for a noise source with adjustable power. With the reference bar, this was easily realized by changing the zenith angle of the reference position, adding more or less noise. Moreover, due to the size of the Delrin sheet (60 × 120 cm 2 ), stability becomes an issue. A characterization of the transmission as a function of frequency was made and compared to measurements. A crucial factor for variations in transmission seems to be the air gap between the dielectric sheet and the mirror, which can vary due to ambient temperature variations. For SWARA, the Delrin plate provides a less sensitive source for reflections compared to the reference bar. In addition, a larger bandwidth is used in the retrievals, thereby increasing the altitude coverage of the water vapor profiles.
V. CONCLUSION
This paper presents antenna pattern measurements of two sister antennas of the SWARA horn, the FZK and MIAWARA antenna, as well as results from water vapor measurements from both antennas on the 22-GHz radiometer MIAWARA. The FZK antenna was unable to produce any useable water vapor measurements, since large features dominated the difference spectrum, blending the water vapor emission line. The copolar pattern measurements over frequency showed that these features were caused by an inhomogeneous antenna pattern over frequency. These resonances are likely due to the outer corrugations of the horn. The SWARA horn causes the same problem, although the water vapor line can still be measured. A solution to circumvent this was developed by making use of a sheet of dielectric material at the reference position instead of the reference bar with absorber, which only partly covers the antenna beam.
The measurements presented in this report were intended to test the FZK antenna before use. Small artifacts in a horn antenna can lead to large effects. In the case of the FZK horn, no measurements can be used. For SWARA, these features lead to a reduced bandwidth used in the retrieval. Measuring the copolar field at the line of interest alone [22.235 GHz], the standard way of testing corrugated horn antennas, would not have been sufficient to identify the serious defect in the FZK antenna. Therefore, we want to stress the importance of copolar measurements over the whole frequency range of interest as well as crosspolar measurements with high spectral resolution.
